The measurand in dynamic force microscopy is the frequency shift, which is a direct function of the tip-sample interaction. In this work, this interaction is experimentally investigated in the parameter space of tip-sample distance and bias voltage. This three-dimensional database is theoretically described by a simple model of a Lennard-Jones potential superimposed with an electrostatic potential. The detailed study of the tip-sample interaction is essential for many scanning probe measurements and offers insight, e.g., into charge states of defects which are supposed to dominate the surface chemistry of many materials.
I. INTRODUCTION
The electronic properties of surfaces down to point defect resolution have an important impact on all kinds of surface phenomena. On conducting materials, scanning tunneling microscopy (STM) can probe the electronic structure, i.e., the local density of states (LDOS), with atomic resolution. However, on insulating surfaces the situation becomes more difficult. A technique enabling measurements on insulators with very high local resolution is dynamic force microscopy (DFM). This technique is also known as noncontact atomic force microscopy (NC-AFM) or frequency modulation atomic force microscopy (FM-AFM). Although DFM cannot map the density of electron states directly, the electronic signatures and/or electronic effects on the surface can be correlated with the force between tip and sample. [1] [2] [3] [4] [5] In careful experimental works, the frequency shift and therewith the force is studied either as a function of the tip-sample distance (Refs. [6] [7] [8] [9] [10] or as a function of the tip-sample bias voltage (Refs. 8, 11, 12) . Several electronic properties have been determined with very high resolution; e.g., band-structure-related phenomena have been observed on semiconductors, 13 and electron charging of quantum dots, 11 adsorbates, 14 and point defects 15 have been detected.
In the present paper, force-distance and force-bias voltage spectroscopies are combined, showing the frequency shift as a three-dimensional function of the bias voltage and the tip-sample distance. Similar to the introduction of the threedimensional atomic force microscopy, 16, 17 new insights from this more-dimensional spectroscopy are expected.
II. EXPERIMENTAL SETUP
The measurements have been performed with a custombuilt dual-mode dynamic force microscope (DFM) and scanning tunneling microscope (STM) operating in ultrahigh vacuum at 5 K (Fig. 1) . In the DFM mode, images are recorded by regulating the tip height to obtain a constant frequency shift of the tuning fork, to which the tip is attached. In the STM mode, the tip height is regulated to gain a fixed tunneling current. Tunneling current and frequency shift can be recorded simultaneously and the feedback can be switched between both modes instantly. This means DFM and STM measurements of exactly the same position on the surface can be performed with the same microscopic tip configuration. This constitutes the great advantage of this dual-mode setup. The tip in use for both channels is a solid Pt/Ir tip. More details about the setup can be found in Refs. 18-20. In the following we confine ourselves to the DFM signal since only DFM is sensitive to the forces acting between tip and sample.
The sample system used is epitaxially grown thin-film MgO on Ag(001). More details about the samples and their preparation can be found in Refs. 15,21. Full-metal tips and metal-supported thin films allow optimal potential control.
III. THEORY
The potentials and forces acting on the tip in DFM causing the shift of the resonance frequency are modeled by a LennardJones potential which is superimposed by the electrostatic interaction. 11 For a thin (oxide) film on a conducting substrate, the electrostatic interaction may be modeled by considering the capacities between film and substrate and between film and tip. 11, 22 The potential energy E total is given by
The Lennard-Jones potential is determined by the parameters and σ , corresponding to the depth of the potential well and the distance at which the repulsive and attractive parts balance each other, respectively. The equilibrium distance of the Lennard-Jones potential is 6 
√
2σ . The attractive z −6 term is also called the van der Waals term.
The electrostatic interaction is determined by the charge q in the surface, the voltage between tip and sample V bias , and the capacities, where C tip (z), C sub , and C (z) denote the capacities between the tip and the thin film and between the thin film and the substrate, as well as the sum of both, respectively. z is the distance between the tip and the sample surface. Furthermore, V = V bias − /e with V bias denoting the applied bias voltage and the contact potential, i.e., the work function difference between tip and surface, and e the elementary charge. The force F between tip and sample follows by the gradient of the potential energy; i.e.,
where
, which is the capacity of the series connection of the substrate-film and film-tip capacitors. If we consider the system of a (nonconducting) thin oxide film, which may contain localized charges, on a (conducting) metal support and a (conducting) metal tip, the contact potential between tip and sample and the charge in the surface can be combined to an effective contact potential eff ; i.e., eff = − ne 2 /C 2 . 23 This results in
The frequency shift f of the tuning fork follows from the force field with
f 0 denotes the unperturbed resonance frequency, a the amplitude, and k the spring constant of the tuning fork. Note, z denotes the minimum distance between the surface and the oscillating tip. In Fig. 2 , the frequency shift is calculated as a function of the tip-sample distance z and the bias voltage V bias .
The superposition of the Lennard-Jones potential and of the parabolic dependence on the bias voltage are clearly visible. The size of the amplitude slightly changes the f curve. 24 f converges to the gradient of the force for an infinitesimally small amplitude.
IV. RESULTS AND DISCUSSION
Apart from determining the topography of the surface termination with atomic resolution, DFM can also be used for spectroscopy as shown in Figs. 1(b) and 1(c). Due to the relation between the recorded frequency shift and the force [see Eq. (4)], this spectroscopy is often called force spectroscopy. At a constant (x,y) position, the experimental data can be recorded either at a constant tip-sample distance measuring the frequency shift with respect to bias voltage or at a constant bias voltage detecting the frequency shift as a function of tip-sample distance. Both spectroscopies are important for a detailed analysis and understanding of the tip-sample forces. Therefore, a combination of both spectroscopies as theoretically presented in Fig. 2 is especially desirable. During all the measurements a very stable tip configuration has to be ensured since the measurements have to be performed with the very same microscopic tip.
Experimental data showing the three-dimensional tipsample interaction in the parameter space of z displacement and bias voltage V bias are presented in Fig. 3 . To the authors' knowledge, this is the first experimental presentation of the frequency shift in this parameter space. Note that only the z displacement is experimentally accessible and the exact distance between tip and sample cannot be determined by DFM directly. However, the tip-sample distance equals the z displacement plus an offset.
Cuts of Fig. 3 along z at different constant bias voltages V bias are shown in Fig. 4(a) . With increasing absolute voltages the graphs show a stronger tip-sample interaction since F el increases according to Eq. (3). contact potential is clearly visible. The method of determining the contact potential from this parabola is widely known as Kelvin probe force microscopy. 27 The experimental data and the theory [Eqs. (4) and (3) with the parameters given in Fig. 2 ] are in very good agreement, as shown in Fig. 4 . During the data analysis an additional van der Waals term to compensate for the influence of the tip configuration 28 superimposed by the electrostatic interaction has been tried out not leading to a significantly better agreement. This means the simple theoretical model of a Lennard-Jones potential superimposed by the electrostatic interaction is sufficient for describing the experimentally determined tip-sample interaction as a function of the bias voltage and the tip-sample distance.
Note that there is very good agreement between theory and experiment for the whole data set shown in Fig. 3 , not only for the plots in Fig. 4 . However, due to the large amount of adjustable parameters, it may be that the determined parameters shown in Fig. 2 represent only a local optimum. This means a parameter set which represents the experimental data even better cannot be excluded.
The interaction in Fig. 4(b) shows a parabolic, always attractive behavior, as predicted by the quadratic dependence in Eq. (3) . If the z position is constant and the voltage swept, only the electrostatic force varies. The contribution from the Lennard-Jones interaction, which is constant, leads to a vertical offset. The desired information about local electronic properties is now included in the shift of the parabola along the abscissa. The shift results from the local effective contact potential eff [see Eq. (3)]. The local effective contact potential is significantly affected by local charges as for example present in charged adsorbates 29 or defect sites. 15, 30 The local variation in the effective contact potential can then be used to identify the charge state of single point defects on a local scale. 15 This fact is the basis for the results cited in the introduction.
Changes of the effective contact potential are determined by measuring changes of the maximum of the frequency shift with respect to bias voltage at a constant z position. Such measurements are shown in surface. The shift with respect to the zero bias voltage is given by 1 = Ag − tip , where Ag and tip are the work functions of the bare Ag(001) surface and the tip, respectively. The red parabola in Fig. 5 has been measured on a 3 ML MgO film grown on Ag(001). 15 The shift with respect to zero bias voltage is given by 2 = MgO/Ag − tip , where MgO/Ag is the work function of the Ag(001) surface with 3 ML MgO grown on top. From these two measurements the shift of the work function can be determined 21 as
Thus the work function of the tip cancels and the work function shift induced by the MgO overlayer can be derived. 21 This results in a reduction of the work function by 1.2 eV due to the oxide film on Ag(001).
Care has to be taken when the investigated element (defect, atom) is smaller than the integration area determined by the tip radius and tip-sample distance. Since the electrostatic forces are long range in character, an integration is always present causing an averaging. For features smaller than the integration area, which can be in the range of roughly 20 nm 2 (see Ref. 30 ) to some 1000 nm 2 , the height between measurements at different sites should be constant, since an increase of the tip-sample distance results in an increase of the integration area. 21 That means, the maximum positions of the parabola for different z displacements is not constant and may shift.
The effect of the tip-sample distance on the resolution is shown in Fig. 6 . Based on tip-sample pair potential interactions the contribution of the tip atom closest to the surface with respect to the full tip-sample interaction has been analyzed. The contribution of the foremost tip atom to the full interaction force increases with decreasing tip-sample interaction resulting in a rise in local resolution. The calculation is based on the following equation:
where q tip and q sample,m are the charges of the tip and the sample atom m and r m is the distance between tip and sample atom m. F j is the force between tip and the atom nearest to the tip. Thus for small distances the local resolution increases; i.e., for atomic resolution or defect analysis the tip-sample distance should be as small as possible. However, care has to be taken since tip changes are very likely at strong tip-sample interaction, occurring at close distances and high voltages. for possible f set points. Following such a contour means constant frequency shift (as well as constant tip-sample interaction). However, note that the resolution for local imaging is not constant along such a contour. For a given frequency shift, the tip-sample distance is always the smallest when V bias equals eff /e; i.e., when the effective contact potential is compensated and thus electrostatic forces F el equal zero. This is a prerequisite for setting the best suited set point of the frequency shift and the bias voltage enabling DFM images with true atomic 32 or submolecular 33 resolution. This demonstrates that knowing the contact potential is essential for DFM and plots such as Figs. 2 and 3 are crucial for a better understanding of the tip-sample interaction.
V. SUMMARY
The frequency shift f in the parameter space of the tip-sample distance z and the bias voltage V bias are measured. These three-dimensional experimental data can be well described by a Lennard-Jones potential superimposed with an electrostatic interaction. Cuts along constant bias voltages show the force-distance curves. Information about electronic properties of the surface can be derived at constant tip-sample distances, showing a quadratic dependence of the force on the bias voltage. By comparing parabolas of different surface sites, electrostatic information down to point defect resolution can be gained. The resolution depends on the tip-sample distance which should be constant when features smaller than the area integrated by the long-range electrostatic interaction are analyzed. A stable setup and tip are prerequisites for high-resolution measurements with point defect resolution. The electrostatic force also affects the local resolution in imaging processes and the highest resolution can be obtained by DFM when the bias voltage compensates the effective contact potential. So, this study shows that the knowledge of the tip-sample interaction is very important for high-resolution DFM.
